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Abstract:

Electron energy loss spectra are presented for a number of adsorbate

overlayers which form (2x1) superstructures on the fcc(110) surfaces of Ni

and Cu. These include (24i) structures of H, N2, CO, and 0. Lattice

* dynamical slab calculations are used to analyze the vibrational properties

-. observed in the loss spectra which result from symmetry selection rules for

'" dipole activity of the surface phonons. The calculated spectral densities,

together with the symmetry selection rules, are used to analyze proposed

models for the adsorbate overlayer structures.
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"][ i.Introduction

1.. IThe study of the vibrational properties of clean and adsorbate covered

surfaces is an area of fundamental interest in surface physics. In these

studies, the application of electron energy loss spectroscopy (EELS) has

been shown to be a powerful technique.1 Information regarding the surface

structure and interatomic forces may be obtained from an analysis of the

vibrational spectra of the clean surface, while the adsorption site

symmetry and bond distances may be extracted from the vibrational modes of

adsorbate covered surfaces. Previous EELS studies of surface phonon vibra-

tions on clean and adsorbate covered surfaces have focused mainly on the

low index fcc(100) and fcc(111) surfaces, such as the Ni(100), 2 6 Ni(111), 7

and Cu(IO0) surfaces.
3 5 8

A complete description of the inelastic electron scattering from these

surfaces requires an understanding of both the scattering process and the

dynamics of the surface. Lattice dynamical calculations for these systems

have used a number of calculational schemes such as the Green function

techniques, 9,1 continued fraction method,11 and finite slabs.' 2- In

ethe case of ordered absorbate overlayers, direct information concerning the

adsorption site configuration may be ootained in some cases, from a simple

symmetry analysis based on selection rules for dipole scattering. ',
I

6 In this paper we discuss the analysis of the vibrational spectra of

ordered overlayers on the fcc(110) surfaces of Ni and Cu, which were _

observed by inelastic dipole scattering. The fcc(110) surface vibrations

have been less studied in comparison to the other two low index surfaces.

However, recent lattice dynamical calculations and experimental measure-

ments17 show a rich surface phonon spectrum for this surface. In this

paper we first present for completeness the relevant spectral function in

-, j/
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the EELS cross section and its relatirn to the dipole active displacements

- of the surface layers. The lattice dynamical calculations employed here

use the finite slab method. This method was chosen for its simplicity and

the ease in which changes in the surface structure may be accommodated.

The particular systems analyzed are ordered adsorbate overlayers of H, N2,

W-" CO, and 0 which exhibit (2x4) superstructures on the Ni and Cu (110)

surfaces. The tendency for adsorbates to form (2x) structures on the

fcc(110) surface results from the unique anisotropy of this surface. As

shown in Fig. 1(a) this surface consists of closed packed rows separated by

troughs along the [110] direction. In the case of oxygen adsorption on

these surfaces, a reconstruction of the surface takes place.0
Results for the (2x1)H structure are found to be consistent with the

buckled bridge geometry deduced from previous He diffraction and LEED

results. For the (2x1)N2 and CO structures on the Ni and Cu surfaces

respectively, the spectral density calculations are in agreement with a

-terminally bonded configuration. The spectra observed for the (24I)C0

structure is found to be consistent with a previously proposed tilting

l geometry of the CO molecule. For the (2×i)0 structure the density of

- states are presented for two different models of the surface reconstruction

and are compared to the measured loss spectra from the Ni and Cu (110)
04

surfaces.

* 2. Experimental Details

* •The experiments were performed in a multitechnique two level ultrahigh

vacuum system which is described in detail elsewhere. Briefly, the upper

level contains facilities for sample cleaning, gas dosing, low energy elec-

03 tron diffraction (LEED) or Auger electron spectroscopy (AES) and thermal

desorption spectroscopy (TDS). The lower level houses the electron energy
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loss spectrometer, which consists of a double-pass 1270 electrostatic

deflector for the monochromator and analyzer.1 9 The scattering geometry is

fixed with a total scattering angle of 1200. The scattering plane

containing the incident and scattered electrons is defined by the surface

normal and the [110] crystal direction. All spectra were recorded in the

specular direction with an overall resolution of 5 meV (40 cm-')

full-width-half-maximum (FWHM). The electron impact energy, referenced to

the clean surfaces, were 3.2 and 4.3 eV for Cu and Ni respectively.

The samples consisted of circular disks of 1 cm diameter and 2mm

thick. They were spotwelded between two 0.5 mm diameter wires to a low

temperature mainipulator.'20 Ta wire was used for the Ni sample while Pt

wire gave a secure spotweld for the Cu sample. Sample cleaning consisted

of Neon ion bombardment (500 eV) and annealing to 750 and 1050 K for Cu and

hi respectively. The sample was heated resistively and its temperature was

monitored by a Chromel-Alumel thermocouple which was spotwelded to the back

of the Ni sample and placed in physical contact with the edge of the Cu

crystal.

Research grade H2 , N2 , CO, and 02 (Matheson) were used for gas

dosing. Ordered (2x1) overlayers were produced by monitoring the low

energy electron diffraction pattern during exposure until a sharp well

4
ordered (2-1) pattern was observed. The LEED apparatus employed here is a

custom made unit consisting of a set of four-grid LEED optics incorporating

two microchannel plates for image intensification. Due to the high gain of

the microchannel plates, adverse electron beam effects are virtually

eliminated by using very low beam current densities (-I0- " A cm-2).

3. Inelastic Dipole Scattering from Surface Vibrations

The inelastic scattering of low energy electrons from surfaces can be

K,
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described by two scattering mechanisms which can be conveniently discerned

by the appropriate scattering geometry. 2 1 These are, dipole scattering

from the long range Coulomb interactions between the incident electron and

.... the electric field fluctuations associated with the surface modes, and

impact scattering from short range interactions with the atomic potentials

of the surface atoms. Dipole scattering is associated with an intensity

distribution which peaks sharply in the specular direction, corresponding

to very small wavevector transfer parallel to the surface, , 0.1 In

contrast, impact scattering is typically associated with a broad angular

distribution and gives a small contribution in the specular direction in

comparison to dipole excited modes.
2 1

The theory of dipole scattering from surfaces is well

established. 1,12, " The inelastic cross section obtained in the Born

approximation is given by a product of two factors. The first is a

,. kinematic factor which depends on the scattering geometry and is

.-. - independent of the properties of the substrate. The second factor is

related to the correlation function of the charge density fluctuations in

* - the surface region. 2 3 In the application to vibrational motion, this

. factor is the spectral function, S(w), for the dipole-dipole correlation

function which is defined as

S(M) = Irdt eiwt<uz(t)Lz(o)>, (1)
N 2Tr

where wz is the normal component of the total dynamic dipole moment, N is

* the number of surface primitive cells and the bracket denotes a statistical

average.

The semi-infinite crystal mray be regarded as a system of planes of

03 nuclei, with each plane parallel to the surface. Let the position of each

#1 ,
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atom be denoted by A(L,k), where L = Lz) ,, is a vector parallel

to the surface directed to a particular unit cell, Lz denotes a

particular atomic layer and the index k specifies the different atoms

within the unit cell. The relation between the normal component of the

total dipole moment and the displacement u( ,k) of an atom away from

00 equilibrium is given by the effective charge field e*(L,k) defined by,

S e*(L,k) 0 u(L,k). (2)
I _.. z L,k

Due to the translational symmetry of the lattice we have

e*(L,k) = e*(Lz,k). Thus only displacement fields at the r-point, 6,,= 0,

can give rise to a non-zero dipole moment Uz.

".-4 The evaluation of the spectral function S(w) thus involves determining

a displacement-displacement correlation function. In the harmonic

approximation the function S(w) may be evaluated by expanding the

|i displacement field u in terms of the eigenstates of the dynamical matrix
p2 4

as2

-1,, , ,N ;I/2A( " O;Lzk) t i Xt -iW t
S 0; . ; t) a e + a e i(3)

z 2M(Lzk) A 1/2 a

-. twhere a and a, are the phonon creation and annihilation operators which
A

obey the com..utation relations [a,,a ,] = and M(L ,k) is the mass of

the kth atom in the Lzth layer. The eigenvectors are

determined by the eigenvalue equation given by

S. (1,, ;L ,k) D( ;L ,k;L' ,k' ) ( ;Lz k' (4)
A A Z ,k z z A z

where eigenvectors obey the usual orthonermality and closure relations.

. -
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The matrix 0 is the Fourier transformed dynamical matrix given by

D(Q,, ;L ,k;L',k') = Y e(C,K; ',k'),
z [M(Lzk)M(L k' )]1/2 exp-i, .(( ,k)-9(i',k )

5(5)

where is the force constant matrix.25

With the use of eqs. (2) and (3) the-spectral function S(,) can be

directly related to a phonon density of states, g(.,{ *(Lz,k)}),

projected onto a normalized effective charge field V*(Lzk) as,

S( ) to t(1 + n(w)) g(j, fv*(Lz,k)V), (6)
2M*w

where

*(L k) M*/2 e*(Lzk) (7)

tot [M(L z k )

e : e*(L ,k) 1/2, (8)
tot "Lz,k z

=4* : -tot ()

Lz ,k z z

and

, .v(Lk). = (L Lk (L zk) 'v* ,k) 2 5( -. (10)

a

Here n(.i) is the Bose-Einstein distribution factor, e* totis the

magnitude of the effective charge field, and t4* is the effective mass of

the dipole active field.

The evaluation of the spectral function is facilitated by considering

the symmetry of the system. Due to symmetry, the dynamical matrix factors

-

4



so that displacement fields belonging to different symmetry classes are

decoupled. Furthermore, the dipole selection rule states that only the

totally symmetric displacement fields at the r point of the SBZ are dipole

active. This selection rule follows simply from the invariance of the

total dynamic dipole moment for all operations belonging to the symmetry

group for the system. 1 Thus for the evaluation of the spectral function

it is necessary only to consider those displacement fields which are

totally symmetric at the r point of the SBZ. The H and CO adsorbate

structures discussed in section 5 have a glide line symmetry and the more

general formulation of the dipole selection rule is needed: Only totally

symmetric displacement fields with respect to the full symmetry group are

dipole active.

In the modeling of the effective charge field we make the assumption

that the effective charges e*(Lz,k) are non-zero only for the adsorbate

layer and the outermost substrate layer. This assumption is based on the

fact that the efficient screening by the conduction electrons will limit

the dipole activity to the outermost surface layers. Additionally, it has

been shown that the dipole activity should be modeled by the bond stretch

displacements between the adsorbate and the substrate atoms when a detailed

comparison of intensities between theory and experiment is required.26

To calculate the vibrational projected density of states given by eq.

(10) we use the finite slab method for the phonon dynamics. This involves

the diagonalization of the dynamical matrix in eq. (5) for a finite number

of atomic layers. The corresponding density of states constructed from

eq. (10) by projecting the eigenmodes on the dipole active displacement

field will then consist of a discrete set of peaks located at the

eigenfrequencies. The limited energy resolution in measured loss spectra

04
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is described by replacing these peaks by a normalized Gaussian distribution

with a width given by the experimental resolution. For a typical energy

resolution of 5 meV such a calculated spectra is found to be converged with

slabs having as little as 25 layers. Finer details in the phonon spectrum

may be resolved with thicker slabs, with 100 atomic layers easily

accomodated with present day computers. The size of the matrix to be

diagonalized, and hence the computation time, can be significantly reduced

by considering only those displacement fields which are symmetry allowed,

according to the dipole selection rule, and which may be decoupled in the

dynamical matrix.

4. The Bare Surface

A necessary ingredient in the lattice dynamical calculations for the

bare surface is a proper description of the interatomic forces. For Cu and

Ni substrates an accurate description is achieved by a nearest neighbor

central force constant model for the phonon dynamics. ,27 In this model

there is only one parameter, the maximum bulk phonon frequency b, which

l is adjusted to fit the measured bulk phonon spectra. For Cu and Ni, lb

is equal to 29.7 and 36.7 meV respectively. More sophisticated models of

the phonon dynamics for Cu and Ni exist which account for second neighbor

*• and angle bending interactions. 3  Incorporation of these extra terms in

the phonon dynamics only affected the surface mode frequencies a few

percent. This results from the fact that the angle bending and second

* neighbor force constants are _ I0 of the nearest neighbor force constant.

thus the single parameter nearest neighbor central force constant model is

adopted in our calculations for its accuracy and simplicity.

W In modeling the surface force constants we use the truncated crystal

-4
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approximation, where the loss of coordination of the surface atoms is the

only effect considered in determining the surface force constants. Thus

the surface force constants are determined uniquely by the bulk values.

This approximation was shown to be adequate in describing previous

experimental results on the clean Ni and Cu (110) surfaces. 1 6 , 17 Recent

, measurements of surface phonon dispersions on Ni(100), along with lattice

dynamical calculations, have concluded a 20% increase in the surface

interlayer force constant with a 1.7-3.3% contraction of the top layer.2

Our previous results indicate that such a large change in the surface force

constants is not present on the Ni or Cu (110) surfaces and that the

surface force constants can be modeled after the bulk values within an

accuracy of ±15%.

Using the nearest neighbor central force constant model, the

evaluation of the dynamical matrix in eq. (5) for the fcc(11O) surface is

straightforward. The force constant matrix is given by

S) - (aD)n (C:' )n (LL+') + 5 "(ao)n (L,L)n (L,L") (11)
L,L L

.. where in a description based on pairwise central potentials i"(ao) is the

second derivative of the two body interaction between atoms L and L'

evaluated at their equilibrium position ao and when LL' are nearest

neighbors,

and zero otherwise. With nearest neighbor central forces "(ao) is related

to the maximum bulk phonon frequency as "(a0 )XMs = ,8, where Ms is

the mass of a substrate atom.

With the force constant matrices defined above we consider a finite

04



K. slab with atomic planes parallel to the (10) surface. Then the only

non-zero matrices D(,,;LzL') defined in eq. (5) are those with
-" • ± i + 2 Wit

LzLz -, ± 2. With d13  D / b qx, and q y a,'2/ we have

for the bulk matrices,

1 2-cos TTq 0 0

d(Q,,:L ,L ) -0 2 0 ( a)

0 0 2

E
iq 7Tq TTq TTq 'Tq Tq

co cos-!- -/2sin---- sin-- [sin- sin-
2 2 2 2 2 2

0
q Tq '

T
q TTq q Tq

1 'v

d(Q ;L ,L 1)=- - -- 2s,- s1n--- 2 co-- co3 -  -I.2 co - sin - ,1 )
zz 2 2 2 2 2 2

* y /

Isin- cos- -1, 2cos- sin- cos- cos--
2 2 2 2 2 2

d11" ci ,L ,L -_1 =d (Q,"  L L .1), (14c)
1 7 " ZZ

0 0 o

d( ;L ,L -2) - 0 0 0(ld

0 0 1

0,
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We obtain the surface matrices in a similar way using a truncated

crystal, where the loss in coordination of the surface atoms is the only

effect considered. These matrices are given by

I3

3 cosTq 0 0
2 x

01 (15a)-44-:.d(y,;1,1) 0 , ia

0 0 1

d( ,,;1,2) = d( ,;Lz,Lz+1), (15b)

d(:.;,3) = d(,,;Lz.Lz+2), (15c)

2 - cosq x 0 0

d(0;2,2) 21 0 (15d)

0 0 3
*2]

* The surface eigenmodes and eigenvectors for the finite-slab with r

* atomic layers is then obtained by constructing the 3r x 3r dynamical matrix

in eq. (5) from the 3 x 3 submatrices given in eqs. (14) and (15). Once

the dynamical matrix is formed, standard algorithms are used to solve for

* the eigenvalues and eigenvectors.

In considering the effects of the substrate vibrations on the

vibrational modes of adsorbate covered surfaces, one is interested in the

density of states projected on the surface layer for the totally symmetric

.4

• : --. . ,: , , : .: -: ., - . : : :. - . . i !: -. . , , , . i - . _ ..
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displacement fields at those high symmetry points in the substrate SBZ

which are equivalent to T point in the SBZ. For the (2x1) superstructures

on the fcc(110) surface, it is the T and R points of the substrate SBZ

which are equivalent to the T point of the overlayer SBZ, as shown in Fig.

1(b). Thus depending on the adsorption site symmetry, various surface

vibrations at the f and X points may become dipole active by coupling to

* - the motion of the adsorbate overlayer. The vibrational density of states

projected on the motion of the outer surface layer is then obtained using

the eigenmodes and eigenvectors obtained from diagonalizing the dynamical

matrix for a finite slab at a particular value of ,, as described above.

The density of states projected on the perpendicular motion of the Ni

surface layer for the displacement field at the P point is shown in Fig.

2. The spectral intensity shows a resonance with a maximum at 23 meV for

the perpendicular motion of the outer surface layer. This particular

resonance at the 1 point is dipole active in the absence of an absorbate

Overlayer and has been observed in our previous measurements on the clean

surface.' Previous surface lattice dynamical calculations show that the

resonance results from a split off state in a pseudo band gap resulting

from the nonmonotonic longitudinal bulk phonon dispersion along the [110]

lirection. The results obtained from the finite slab calculation, shown in

7ig. 2, are in agreement with results obtained from more elaborate Greens

function calculations.1 6

The projected density of states at the X point in the substrate S5Z

are snoen in Fig. 3 for the different displacement fields which are

i. played. Along the P-X direction the modes split into two classes

resulting from the mirror plane symmetry. The odd modes are polarized in

the y direction and are decoupled in the dynamical matrix as seen in eqs.
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(14) and (15). Similarly the modes with x-z polarization are decoupled and

can be considered separately in the lattice dynamical calculations. The

sharp peaks observed at 15.5, 18.4, and 29.8 meV correspond to the SI(R),

*S2(x), and S7 ( ) surface phonons observed in earlier surface lattice

- dynamical calculations. 29 Also shown in the spectral densities for the

surface layer are the contributions from the bulk subbands. The S1(X)

surface phonon is the low lying Rayleigh phonon, split off from the lower

transverse bulk subband, and is polarized in the z direction. S2(X) is

split off from the upper transverse bulk subband and is polarized in the y

direction. Similarly S7(X) is split off from the longitudinal bulk subband

and is polarized in the x direction. The general behavior for surface

modes to be split off from bulk subbands results from the lower restoring

forces for the surface atoms due to the loss in coordination.

5. Adsorbate Overlayers With (2xi) Superstructures

The degree of influence of the adsorbate on the spectral densities for

* the surface vibrations depends both on the adsorption site and the

*i perturbation in the elements of the dynamical matrix describing the

substrate. in analyzing the various (2xi) superstructures the displacement

fields at the 7 and X points, shown in Figs. 2 and 3, are analyzed

according to the adsorption site symmetry. The effect of this symmetry on

the vibrational density of states is illustrated in particular for the

(2-1)N 2 overlayer on Ni(110). In the case of oxygen adsorption on these

0 surfaces, the density of states is calculated for two different models of

the surface reconstruction.

(a) (2,l) H-Ni(110)

The interaction of hydrogen with Ni(1l0) has been a subject of many

04-
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recent investigations due to the variety of ordered structures which form,

depending on the H coverage and sample temperature. At low temperatures

below - 180 K, LEED and He diffraction measurements have shown that

for coverages below one monolayer (ML) a sequence of H lattice gas

structures exist. In particular, a (2>i) ordered hydrogen phase occurs at

I 1 ML. Results from He diffraction measurements, which are consistent

V% with LEED observations suggest that the hydrogen atoms are located in a

buckled bridge geometry with the H atoms shifted off the short bridge site

toward the (111) microfacets as shown in Fig. 4(a). The unit cell for this

structure contains two H atoms and possesses glide lines parallel to the

[L11] direction. The glide line symmetry results in the absence of

(n/2,0), with n odd, diffraction spots in th LEED pattern observed at

normal incidence.

Figure 4(b) shows the vibrational spectrum of the (2xl)H surface. Two

losses are observed above the maximum bulk phonon frequency at 79 and 130

meV which are in agreement with previous EELS measurements. 32 Based on

recent calculations 3 these vibrational modes may be ascribed to the

symmetric in-plane bending and stretching modes respectively of the H atoms

in the pseudo short bridge sites as shown in Fig. 4(a). 3  The third loss

rature at 21 meV lies below the maximum bulk phonon frequency which

suggests that it is related to a surface mode at either the T or X points

in the substrate SBZ.

A c)-i[arison with the spectral ensities in Figs. 2 and 3 for the

and points, supports the interpretation of the observed loss feature at

2r :eV in terTms f the excitation of the surface resonance mode at the

point in the substrate SBZ. The neasured loss intensity of this surface

.... . . ., '
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resonance mode agrees well with the observed loss intensity of this mode

for the bare surface. In this situation the dipole activity of this mode

- is not introduced by the presence of the adsorbed H overlayer.

A consideration of the symmetry properties of the surface phonons at

the point indicates that all three modes, S1 (g), S2 (g), and S7 (f) are

symmetry forbidden for the adsorption site configuration in Fig. 4(a).

SI(R) and S7 (X), for example, are odd under the glide symmetry operation

along the [110] direction, whereas S2 ( ) is odd under reflection symmetry

through a plane parallel the (110) plane. Only the symmetric vibration at

the F point shown in Fig. 2 is symmetry allowed to be dipole active. Thus

the observation of only one surface mode in the vibrational spectrum is

0. consistent with the adsorption site configuration in Fig. 4(a) as deduced

from He diffraction and LEED measurements.

(b) (2 1 )N,-Ni (110)

The absorption of J2 on Ni(110) represents an interesting

chemisorption system where both commensurate and incommensurate overlayer

* structures are formed. Unlike CO adsorption on this surface, however, N2

on Ni(110) displays only a single N-N stretching vibration as a function of

coverage. 36 CO on Ni(11O), for example, displays three different C-0
3'

vibrational frequencies corresponding to different adsorption sites. The

fact that only a single N-N vibrational frequency is observed for the

incommensurate phase for e > 0.6 ML , where multiple sites are expected

O. to be occupied, raises the question as to whether the N-N stretching

vibration can be used to discriminate between different adsorption sites.
36

The vibrational spectra for the (2-I)N 2 surface, corresponding to an

N2 coverage of 0.5 ML, is shown in Fig. 5(c). The N-N stretching vibration

o.4
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is observed at 272 meV while the N-Ni vibration is observed at 43 meV.

These values are in agreement with previous EELS 36,38 and IR31

measurements. Based on a comparison of the N-N stretching vibration with

infrared spectra of inorganic complexes a linearly bonded N2 configuration

was concluded. The improved resolution in the spectra shwon in Fig. 5(c)

allows a comparison with lattice dynamical calculations for various

adsorption sites to be made in the spectral range below the maximum bulk

phonon frequency. Based on these calculations, an on-top adsorption site

configuration is confirmed for the (2x1)N 2 structure.

In analyzing the (2xI)N 2 structure, the density of states is

calculated for both the on top and short bridge configuration for the

adsorption site. A hard sphere model is used to obtain the bond angles,

taking the covalent radii of the nitrogen and nickel atoms as 0.75 and 1.25

respectively. The nitrogen-nickel force constant, p", is then adjusted
a

to give agreement with the measured N-Ni vibrational frequency at 43 meV.

For the short bridge site configuration the substrate modes which are

symmetry allowed to be dipole active are the displacement fields which

correspond to the S7 (X) surface phonon and the surface resonance mode at

The density of states is obtained as described previously by

constructing the dynamical matrix for a finite slab. The unit cell now

contains 2 atoms per cell for the substrate due to the larger unit cell

." defined by the nitrogen overlayer. The submatrices in eq. (14) are then

6 x 6 instead of 3 x 3. Due to the point group symmetry of the short

bridge site, the displacement fields with y polarization are decoupled in

the dynamical matrix. This reduces the size of the submatrices which need

to be considered to 4 x 4. The resulting matrices for the surface layer at

- ,, = 0 are,

*1-
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cos 20 0 0 0

d(0,0) = 0 0 0 0 0 (16a)
M £02A b

0 0 sin2 e 0

0 0 0 0

2 2 --1-

-Cos 2 -Cos 2 -sinecose sinecose

U
d(0,1) = 0 0 0 0 0 (16b): 2 ( M M ) 1 1 2

A As
-sinocos sinecose -sin 2e -sin2a

0 0 0 0

cos 2 0 sinecose 0

-d(1,0) = 0 cos 0 -sin3cos6 (16c)

"b s

*--sinecose 0 si'0

0 -sinecose 0 sin 2

where d(0,0) represents the adsorbate layer and Ms and MA are the

substrate and adsorbate masses respectively. 0 is the bond angle between

the line joining the two bonding substrate atoms the line joining the

* •substrate and absorbate atoms. Ad is the perturbation of the dynamical

matrix, d : d-d3 , where dj is the unperturbed dynamical matrix of the

* Isubstrate.

@1J o 4o.-
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A detailed comparison of the relative intensities in the density of

states with the measured EELS spectra is dependent on the projection for

the dipole active field. Previous analysis of EELS data for some adsorbate

structures suggest that the dipole activity is mainly due to bond stretch

displacements between the adsorbate and the substrate atoms. 26 For the

short bridge site the normalized effective charge field can be expressed in

* .terms of the angle 6 as

++2cos6 E , (0,1) Coss IrX (I ) c036 X' (12) sins 1 1
+ rr______ (L_____ k)_____ =________I

(L ,k)V*( 1
1
2  

1/2 1 2  1
/
2LZ k X zz MA 1  HsI1  MsI/  M3I1

(17)

sin 6  x(1,2) 4-cos25 2

+ ]112.
M. 12 MA M s

where is the angle between the dipole active displacement of the

substrate atom and the surface normal.

The vibrational density of states is shown in Fig. 5(a) for the two

extreme cases; s = 00 ( and 6 = 36.9' (__. = 0' corresponds to

displacements normal to the surface whereas 6 = 36.90 corresponds to bond

26
stretcn displacements. As observed in previous calculations the normal

displacements tend to assign too large an intensity in the bulk phonon

band, and a value of 6 closer to bond stretch displacements is more

-* likely. The lower intensity of modes within the energy range of the bulk

phonon band, when the dipole active displacements corresponds to bond

stretch displacements rather than for surface normal displacements, can be

understood from the following argument. For the modes in the energy range

of the bulk phonon band the motion of the high energy adsorbate mode

follows almost instantaneously the motion of the substrate atoms in such a

i.
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way that the bond distance is almost fixed. This results from the fact

that the mass weighted displacement field corresponding to bond stretch

displacements have almost the dominating dynamical matrix element. Thus a

relative projection along the bond stretch displacements gives a smaller

contribution from the surface vibrations. This effect is increasingly more

pronounced for modes with lower energy.

As predicted by the symmetry selection rules,- S7(R) is observed to be

dipole active with an appreciable intensity for the short bridge site

configuration. It's frequency is slightly shifted from 29.8 meV for the

bare surface to 27.8 meV for the nitrogen covered surface. The f resonance

is not resolved from the S7 (f) surface phonon due to the finite broadening

used in the calculation. A comparison of the experimental loss spectrum

with the calculated density of states can then be used to rule out the

short bridge configuration for the adsorption site since there is no

features observed at Ld meV in the measured loss spectrum where S7(X) is

expected.

4For the on-top site configuration, the symmetry selection rules

indicate that the displacements fields corresponding to the S3(X) surface

phonon and tie surface resonance mode at T should be dipole active. Based

on a symmetry analysis alone, an incorrect conclusion could be deduced by

analyzing the measured spectra where no sharp features are observed below

the maximum bulk phonon frequency. A lattice dynamical calculation is then

necessary to obtain both the observed frequencies and intensities of the

surface modes which should show dipole activity.

For the on-top configuration only z displacements need to be

considered in the dynamical matrix since both x and y displacements are

decoupled. The surface matrices for the on-top site are then given by,

. .- -. , : ' . , , '.. - --. . :' " - -
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d(0,0) 0 0., (18a)

LIMA

00d (0,1) =0? ( 18b )

,b (M MAMs )

Ad(1,1) = _ 0 (18c)

"b S

0 0

The density of states for the on-top configuration is projected on the

relative normal displacements of the nitrogen and bonding substrate atom as
_(, ) (, 1 1 1]1 2

,(Lz k) .ji (Lzk) r ,z ' _ , ]/t -- + _ / (1?)
L z A/2 Ms 12 M M SAS A 'S

and is shown in Fig. 5(b). From the calculated density of states it is

observed that both the SI() and the F surface resonance are not observed

with any appreciable intensity even though they are symmetry all,;wed to .e

dipole active. A small contribution from bulK states is :Tser ,, !rx" 1

meV. The small contribution from the S ( ) surfice phoqoQn i,,i

surface resonance results frcm the t ict that tre Ii ;-l,, 1 - . -

terminally bonded N2  is 3lon] *.he b ,n tr,'tch Ii, l.o l oern t. . .'

lower intensity for the surface vi')ritions for the reasons ,I -

previously for the short bride 1(sjr~tion site. The lack of ''v ,

features .ithin the bulk phonon ondr ii the measured vibrational s;>( : nr'
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for the (2x1)N2 overlayer is thus consistent with an on-top configuration

as seen in the calculated density of states. This conclusion is in

agreement with the configuration as deduced empirically from the value of

the N-N stretching vibration.

(c) (2×I)CO-Cu(11O)

The adsorption of CO on Cu(110) possesses many similarities with the

adsorption of N2 on the Ni(11O) surface. These similarities have been

noticed in previous studies 35,36 where CO also forms a (2x1) ordered

phase at 9 = 0.5 ML and a compressed incommensurate phase at higher

coverages. Similarly, there is only one main CO vibrational band at 2088

cm- ihich shifts - 6 cm-- with increased coverage as observed by IR

spectroscopy." A second weaker CO vibrational mode was observed at 2104

cm- at low coverages and has been attributed to CO adsorbed in defect

sites .7

The similarities between the N2 /,Ni(110) and CO/Cu(110) systems allow

the previous results for the (2-I)N 2 system to be applied to the

(2xl)CO/Cu(110) by scaling the phonon frequencies occurring within the bulk

phonon bands by 0.8, which is simply the ratio of the maximum bulk phonon

frequencies for Cu and Ni. The measured vibrational spectrum for the

(2x1)C0 overlayer is shown in Fig. 6. The C-O stretching vibration is

observed at 259 meV (2089 cm-i) in agreement with previous 'R'O,. and

E EELS' 3 measurements. Also observed is the C-Cu stretching vibration at 43

mel. 'e did not observe a band at 85 meV which was reported in the

previous EELS study and is most likely due to some impurities since it

7was only observed at low exposures. As seen in Fig. 6 no spectral features

are observed within the bulk ph~non bands, similar to the (211)N2 case.

.4
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By scaling the Ni results, the S(T) surface phonon should be observed at

- 22 meV for CO occupying a short bridge site configuration on Cu. Due

tj the null result and the value of the C-0 stretching vibration, an on-top

alsorQtion site can be concluded for the (2xl) overlayer structure.

I.-D] d 2K)C0-Ni(110)

The interaction of CO with Ni(110) has been a subject of recent

interest due to the different structural configuations which form on this

3,-3ce depending on the CO coverage.3 7 Previous EELS measurements have

.tent~ied three C-O stretching vibrations corresponding to different

* :tl > tr ;I tes. ', Below saturation coverage the two C-O modes,

: :' :ccr it 2;2 ina 256 7e', have been assigned to short bridge and

:--tap idsorption site configurations respectively. At saturation coverage

: 2rrsp' g t3 >, forms an ordered (2-1) overlayer structure.

-he L-E pattern contains missing (n,2,0), with n odd, diffraction beams,

t.nicn indicates a jlide line symmetry along the [110] direction similar to

0 the previously descrioed hydrogen structure.4

The vibrational spectrum for the (2-I)CO overlayer is shown in Fig.

7 D). The C-O and C-Ni stretching vibrations are observed at 245 and 52

0 rieq' respectively, in agreement qith previous EELS results."'  Also observed

in Fig. 7(b) is a loss feature within the bulk phonon bands at 30 meV.

Cased on LEED and EELS measurements an adsorption site configuration

* consisting of alternatively tilted 20 molecules in a short bridge site has

..en proposed' as shown in ig. 7(a). Pecent electron stimulated

Iesjrotion 4on angul,3r distribution (ESD!AD) measurements have confirmed

the tilting of the CO molecile in the (21) structure with a tilt angle of
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17 - 20 .  A similar tilted geometry has been determined for the

(2x1)C0/Pt(110) structure, although with an on-top adsorption site

consistent with the higher CO stretching frequency on that surface.

The symmetry analysis pressented for the (2xl)H system can be applied

to the adsorption site configuration in Fig. 7(a) due to the similar point

group symmetry. As was found for the hydrogen case, displacement fields

corresponding to the surface modes at the X point shown in Fig. 3 are

symmetry forbidden to be dipole active, whereas the resonance mode at the 7

point is symmetry allowed. Furthermore, two vibrational modes

corresponding to the frustrated rotational and translational modes of the

molecule will be dipole active due to the lower symmetry of the tilted

molecule. 3ased on cluster calculations,48 the frequency of the frustrated

translation is expected to be very low, < 10 meV, since to first order this

mode does not involve any straining of the nearest neighbor bonds. The

frustrated rotation should be in the frequency range of the metal-carbon

vibration.

Lattice dynamical calculations for 1 ML of untilted CO molecules on

the Ni(I1O) surface show a negligible intensity of the P resonance, similar

to the effeot observed for the terminally bonded (2xI)N 2 in Fig. 5(b).

*:urther tne inherent dipole activity of this surface resonance is much

4eaker than the dipole activity of the frustrated translation of N2 against

the surface as evidenced by Figs. 4(o) and 5(c). This leaves the

assignment of the J' meV loss feature in Fig. 7(b) to be due to the

frustrated rotational mode of the tilted CO molecule. Similar dipole

active losses have been observed and assigned to frustrated rotations for

tilte -,) molecules on other transition metal surfaces.' The proposed

short brillge site geometry in Fig. 7(a) is ilso consistent with the value
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of the C-0 stretching vibration observed at 245 meV. For a tilted on-top

adsorption site configuration, an additional mode corresponding to the

S2 (f) surface phonon is symmetry allowed to be dipole active. The lack of

any additional features at - 18 meV expected for the S2(7) surface phonon

thus lends additional support for the short bridge site configuration shown

in Fig. 7(a).

(e) (2x1)O-Ni(110), Cu(ClO)

The interaction of oxygen with the nickel and copper (110) surfaces

has been the subject of many recent structural investigations.

Considerable interest has been attached to the (24i) structure which forms

on both these surfaces and shows an oxygen inouced reconstruction of the

surface layer. For the Cu surface, low energy ion scattering-0 and He

diffraction have concluded a missing row model for the surface

reconstruction where every [001] row is absent. The Ni(1lO) surface has

received considerably more attention with conflicting views on the

particular model for the surface reconstruction. Two of the most favored

models for the Ni reconstruction are the missing row (MR) mode1 5 2-5 5 and

the sawtooth (SW) model 5 7's which are shown in Fig. 8. The two models

differ by an additional missing row in the second layer for the SW model.

It would be expected that the surface vibrational modes would be very

sensitive to such a loss of coordination of the surface atoms and can

therefore serve as a means of distinguishing between different models of

the surface reconstruction.

n the present paper we present results from EELS for the (2*I)

reconstruction on both the Cu and 'i (110) surfaces. The surface modes

46
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6%*

appearing within the bulk phonon bands are expected to be sensitive to the

particular reconstruction reflecting the additional loss of coordination of

the surface atoms in the reconstructed geometry. Lattice dynamical

calculations are shown for the two different models of the reconstruction

for Ni(11O). The results for Cu can be obtained by simply scaling the

results by the ratio of the maximum bulk phonon frequencies.

The energy loss spectrum for the (2x1)O surfaces are shown in Fig. 9.

Nearly identical oxygen-metal stretching vibrations are observed at 48 and

49 meV on the Cu and Ni surfaces respectively. These values are in

agreement with previous EELS measurements on these surfaces.5 S'5 6

Additional sharp losses are observed below the maximum bulk phonon

frequency at 15 and 30 meV for Ni and 24.5 meV for Cu. Both energy loss

and gain peaks are observed with an intensity ratio which is determined by

the Bose-Einstein distribution factor and the crystal temperature. in

comparing the EELS spectra on the two surfaces, it is observed that the

ratio of the 30 to 24.5 meV loss scales as the ratio of the maximum bulk

*phonon frequencies. This suggests the possibility that these vibrations

are related to the motion of the metal substrate atoms and that the

reconstruction is similar on both surfaces. The 15 meV loss observed on

the i surface would then be shifted down to - 12 meV on the Cu surface

where it would not be resolvable from the elastic beam.

In calculating the density of states for the dipole active losses, we

use the structural models shown in Fig. 8. The position of the oxygen atom

has been determined for the Ni(110) surface by ion scattering s ',  and

helium diffraction measurements to be in the long bridge site 0.25

above the center of the too most nickel rows. With this geometry the O-Ni

bond distances are 1.77 and 1.95 ' for the first and second layer Ni atoms

.4
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respectively. The O-Ni force constant with the second layer Ni atoms Nould

be expected to be comparable to that for the first layer Ni atoms due to

the similar bond distances. To minimize the number of parameters in the

calculation the O-Ni force constants are taken to be the same for the first

and second layer Ni atoms; it's value is then uniquely determined by

fitting to the measured O-Ni vibrational frequency at 49 meV. Similar to

the previous calculations, the Ni-Ni force constants in the surface region

are taken to be equal to their bulk value.

The calculated density of states are shown in Fig. 10(a) for the MR

model of the bare Ni surface. Included in the results for the bare surface

is the sum of the density of states for the totally symmetric displacements

with respect to the long bridge site for the first and second Ni layers.

The two higher energy peaks at 21.3 and 31.7 meV result from a breathing

motion in the second layer 4ith a polarization in the x direction. The

lower energy peak at 16.9 meV results from the perpendicular motion of the

top layer 'Ni atoms.

Shown in Fig. 10(b) is the density of states for the oxygen covered

surface. The projection is taken on the perpendicular motion of the oxygen

atom to avoid the complexity in modeling the effective charge field for

bonding to both the first and second layer Ni atoms. As seen in Fig.

10(b), a sharp feature is observed at 30 meV which is shifted down slightly

from 31.7 meV on the bare surface. The remaining sharp structure in the

0 density of states of the bare surface is not seen to be reproduced on the

oxygen covered surface except for a broad feature at 24 meV. In comparing

to the measured loss spectrum, the 30 meV loss feature is accounted for in

the calculation for the MR Mlodel, however no structure is observed at 15

meV in the calculated density of states to correspond to the observed

feature in the measured loss spectrum.

04
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The calculated density of states for the SW model is shown in Fig.

11(a) for the bare surface. The lower symmetry in the SW model increases

the number of symmetry allowed diplacement fields. In comparison to the MR

model a substantial amount of intensity is distributed to lower energies.

This results simply from the fact that the restoring forces for the surface

atoms are smaller in this model than for the MR model resulting from the

lower coordination of the surface atoms in the SW model in comparison to

the MR model. The results for the oxygen covered surface is shown in Fig.

11(b) for a projection on the perpendicular motion. Sharp spectral

features are observed at 15.4, 25.3, and 27.8 meV. The features at 25.3

*• and 27.8 meV would not be resolved with the 5 meV experimental resolution

and would thus appear as one loss peak at - 27 meV. Also shown in Fig.

11(b) is the projection on the parallel motion of the oxygen atom in the x

Ui direction. Due to the loss of the additional second layer Ni atom, the

perpendicular and parallel motions are now coupled as seen in Fig. 11(b).

* . In comparing to the measured loss spectra, the SW model gives two

*losses at approximately the correct frequencies, which is in better

agreement than the MR model. A decisive distinction, however, cannot be

made since the agreement with the two models could be made to change by

varying the parameters in the calculation. The results do show that the

surface modes are extremely sensitive to the coordination of the atoms in

the models for the reconstruction and that a larger data base obtainable by

* Iangular distribution measurements throughout the SBZ, coupled with lattice

dynamical calculations, could contribute to the determination of the

structure for the reconstructed surfaces.

6. Conclusion

A variety of adsorbates are observed to form (2x1) superstructures on

m4
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the fcc(11O) surfaces of Ni 3nd Cu. A lattice dynamical analysis of the

energy loss spectra of these adsorbate structures was achieved using a

simple finite slab method, together with the symmetry selection rules which

are operative in dipole scattering. For the (2x1)H structure on Ni(11O)

the observation of a single resonance mode at 24 meV was found to be in

agreement with the buckled bridge geometry as deduced from He diffraction

and LEED measurements. Based on a comparison of the loss spectra with

spectral density calculations, a terminally bonded configuration was

deduced for the (2x1)N2 and CO structures on the Ni and Cu surfaces

respectively. For the (2xl)CO structure on Ni(11O), a loss feature was

* observed at 30 meV which is assigned to the CO frustrated rotational mode

for the proposed structure consisting of alternating tilted CO molecules in

the short bridge site. In the case of oxygen adsorption on these surfaces

a reconstruction of the surfaces takes place. The vibrational density of

states of the reconstructed surface was calculated for the missing row and

sa~tooth models. For the sawtooth model a significant amount of intensity

O is redistributed to low energies due to the lower coordination of the

surface atoms. A comparison of the measured loss spectra with the density

of states for the oxygen covered surfaces favors the sawtooth model for the

surface reconstruction. However, a firm distinction between the two models

requires a larger data base from measurements throughout the surface

Brillouin zone.
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Figure Captions

Fig. I Atomic arrangement of the fcc(110) surface and the corresponding

surface Brillouin zone (SBZ). The dashed line shows the reduced

SBZ for an adsorbate overlayer in a (2x1) configuration.

Fig. 2 Calculated vibrational density of states for the perpendicular

motion of the outermost surface layer at the r point for the clean

Ni surface. The peak at 23 meV corresponds to a vibrational

resonance of the outermost surface layers. 16, 17 The calculation

used a 130 layer slab with I meV Gaussian broadening.

Fig. 3 Calculated vibrational density of states for the clean Ni surface

at the X point in the substrate SBZ. (a)-(c) Projections on the

motion of the outermost layer corresponding to the depicted dis-

placement fields at X. The sharp peaks correspond to the surface

phonons SI(R), S2 (X), and S7(X), according to the notation in

Ref. 29. The calculations were performed on a 40 layer slab with

2 meV Gaussian broadening.

Fig. I (a) Iodel for the (2xl)H structure on Ni(110). The smaller filled

circles represent hydrogen atoms. (b) Electron energy loss

spectrum for the (2x1)H overlayer on Ni(110) at 80 K.

, il. 5 A comparison between results from lattice dynamical calculations

and the experimental loss spectrum for the (2xl) ordered overlaye-

on Nli(110). (a) Spectral density for the short bridge adsorption

site configuration for two different dipole projections;

orojection on the bond stretch displacements, and (---) projection

on the surface normal displacements. (b) Spectral density for the

,n top adsorption site configuraticn. (c) The experimental loss

spectrum for the Ni(11U)-(2xI)N overlayer at S0 K Note the



break in thr energy scale to display the N-N stretcling vi1r3tion

at 272 meV.

Fig. 6 Electron energy loss spectra of Cu(l10) with a (2x!)CO overlayer

at 80 K.

Fig. 7 (a) A schematic model for the Ni(110)-(2xl)CO structure. The

smaller filled carbon and open circles (oxygen), represent the

tilted CO molecule. (b) Electron energy loss spectra of Ni(11O)

with a (2xl)CO overlayer at 80 K.

Fig. 8 Models of the (2xl) reconstructed (110) surfaces formed by oxygen

adsorption. (a) Missing row model (b) Saw tooth model. The small

filled circles represent oxygen atoms. The numbers denote
0

sequential layers of the substrate with number one corres-oni'-,

to the surface layer. For each ,moel )oth the top and sile views

are shown.

7ig. 9 Electron energy loss spectra of (2x1) oxygen ,vers' ,

Ni(1I0) at 300 K.

Fig. 10 Results from lattice dynamical calculations for t'e m-.ni •

model of the surface reconstruction shown in F i. - .

summation of the vibrational density of statos ')r . -

the totally symmetric displacements ith resoect t the
0

bridge site, for tre first and second 1 yers of tre :are ,i

surface. (b) Vibrational density of states lrojectcd on the

perpendicular motion of the oxygen atom in the lonj bri..e site
0

for the missing row model. The calculations used 3 1 3~yer slab

with a 1.5 meV "aussian broadening.

or



Fig. 1. Results from lattice dynamical calculations for the sawtooth model

of the surface reconstruction shown in Fig. 3(b). (a) -' summation

of the vibrational density of states for projections on thme t~tl-

ly sy-7metric displacements 4ith respect to the long bridre site,

:,r the first 3nd second layers of the bare Ni surface. (b)

,irational density of states projected on the perpendicular (__)

3n, Qarallel (- -) motion of the oxygen atom in the long bridge

site of the sawtooth model. The calculations used a 99 layer slab

i I .5 meV Gaussian.
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